Cyanobacteria evolved more than 3 billion years ago and are believed to be the progenitors of plant chloroplasts (Brock, 1973; Fay, 1992) . Oxygen liberated by cyanobacteria during photosynthesis was responsible for the initial oxygenation of Earth's atmosphere, which consequently allowed the aerobic life to occur and flourish (Schopf, 1975) . Due to their intimate association with oxygen, it is expected that cyanobacteria have developed several strategies to overcome the deleterious effects caused by the reactive oxygen species (ROS), which form due to the partial reduction of oxygen (Banerjee et al., 2012a (Banerjee et al., , 2013 . Also, during the course of their evolution, cyanobacteria have been exposed to virtually all natural (high-intensity light, salinity, desiccation, etc.) and anthropogenic stresses (heavy metals, herbicides, etc.), many of which ultimately culminate in oxidative stress (Dadheech, 2010) . For these reasons, cyanobacteria have been proposed to be excellent model systems to study mechanisms of oxidative stress resistance.
In biological systems, hydrogen peroxide (H 2 O 2 ) is a key ROS that threatens cell survival. H 2 O 2 is produced by dismutation of O 2 $ by superoxide dismutases or directly by several oxidases (Collén et al., 1995) . H 2 O 2 can directly permeate into cells; hence, H 2 O 2 toxicity arises whenever H 2 O 2 is present in the environment. Inside cells, H 2 O 2 is known to directly inactivate enzymes such as dehydratases that contain iron-sulfur clusters (Jang and Imlay, 2010) . In the presence of Fe 2+ , H 2 O 2 produces OH$ (Fenton reaction), the most destructive radical that can damage molecules in its vicinity at diffusion-limited rates (Halliwell and Gutteridge, 1986) . H 2 O 2 generated within cells is detoxified by several enzymes, of which peroxidases and catalases are the two major classes. Interestingly, glutathione peroxidases and ascorbate peroxidases, which play a major role in decomposing H 2 O 2 in animals and plants, respectively, are not widespread in cyanobacteria (Tel-Or et al., 1985) , but catalases and peroxiredoxins (Prxs) are well represented (Zamocky et al., 2008) .
Catalases are subdivided into three categories: (1) typical monofunctional catalases, (2) bifunctional catalase peroxidases (KatG), and (3) binuclear manganese catalases (Mn-catalases). Of the three, the first two, which are haem-containing, have been extensively characterized from several prokaryotic and eukaryotic organisms (Zamocky et al., 2008) . The distribution of Mn-catalases is restricted to prokaryotes and archae (Amo et al., 2002) . Mn-catalases have been relatively poorly characterized, and the crystal structures of only two Mn-catalases (from Thermus thermophilus and Lactobacillus plantarum) have been reported so far (Antonyuk et al., 2000; Barynin et al., 2001) . These structures have shown that Mn-catalases are 4-helix bundle proteins belonging to the Ferritin-like superfamily (Andrews, 2010) .
Nitrogen-fixing strains of cyanobacteria such as Anabaena are economically important, as these are employed as biofertilizers in the paddy fields of Southeast Asia (Venkataraman, 1979) . Various abiotic stresses (heavy metals, drought, salinity, herbicides, etc.) that affect plant growth and limit crop production worldwide also adversely affect the biofertilizer potential of Anabaena. It should be noted that all these stresses cause overproduction of ROS (Choudhury et al., 2013) . Thus, studying the detailed basis of oxidative stress resistance in Anabaena is essential for development of novel biofertilizers, which may be used under adverse conditions. The role played by various proteins in overcoming oxidative stress in the filamentous, heterocystous, nitrogen-fixing, cyanobacterium Anabaena PCC 7120 has garnered remarkable interest in the recent past (Cha et al., 2007; Agrawal et al., 2014; Panda et al., 2014; Banerjee et al., 2015; Tailor and Ballal, 2015) .
In the cyanobacterium Anabaena PCC 7120, genes representing the typical catalases or KatGs were absent, but genome analysis revealed the presence of two open reading frames (ORFs), alr0998 (katA) and alr3090 (katB), that encoded a Mn-catalase (Kaneko et al., 2001) . Earlier, zymographic analysis had shown no detectable catalase activity in the control (i.e. unstressed) or the H 2 O 2 -treated Anabaena PCC 7120 (Banerjee et al., 2012b) . Among the two Mn-catalases, overproduction of KatA (encoded by alr0998) was shown to protect Anabaena from oxidative stress mediated by H 2 O 2 (Banerjee et al., 2012b) , whereas the physiological/biochemical functions of KatB (encoded by alr3090) remained unknown.
In this study, we have elucidated the molecular basis of the unusual tolerance shown by the NaCl-treated Anabaena cells to oxidative stress imposed by H 2 O 2 . Several lines of evidence showed the KatB protein to be responsible for this protective phenomenon. Furthermore, Anabaena katB was found to be transcriptionally induced in response to salt, and, interestingly, the katB promoter was found to be active only in the vegetative cells and not in heterocysts. In Anabaena, the KatB protein was cytosolic, and once synthesized the protein was relatively stable in vivo. Compared with the wildtype Anabaena, the mutant strain lacking KatB was sensitive to salt stress. In the presence of salt, exposure to H 2 O 2 led to severe oxidative stress in the katB mutant, eventually resulting in cell death. These data confirm the role of KatB in overcoming salinity/oxidative stress, and to our knowledge, this is the first exhaustive physiological characterization of a Mn-catalase from any photosynthetic organism. A wild-type Anabaena PCC 7120 culture was split into two parts, with one part being subjected to NaCl treatment whereas the other served as the control. Subsequently, both cultures were exposed to different concentrations of H 2 O 2 (0, 1, 2, and 3 mM) and monitored (Fig. 1) . With a higher concentration of H 2 O 2 (2 or 3 mM), greater bleaching of pigments was observed in the control cells than the salt-stressed cells (Fig. 1A) . The control cells subjected to H 2 O 2 stress failed to grow on BG11 plates, indicting a loss in viability. On the other hand, the salt-stressed Anabaena cells survived H 2 O 2 treatment and could grow on plates (Fig. 1B) . The cellular oxidative stress in the above-mentioned cells was monitored with the probe dichloro dihydrofluorescein diacatate (DCHFDA). At all the concentrations of H 2 O 2 tested, considerably reduced amounts of ROS were observed in the NaCl-pretreated cells compared with the control cells (Fig. 1C) . In good agreement with the increased levels of ROS observed, the control cells also showed considerably higher accumulation of total peroxides than cells pretreated with NaCl (Fig. 1D ). As oxidative stress is known to enhance lipid peroxidation and protein oxidation, these aspects were also monitored. After H 2 O 2 exposure, Anabaena PCC 7120 pretreated with salt showed significantly reduced levels of malondialdehyde (MDA; an end product of lipid peroxidation) compared with the control cells (Fig. 1E ). After 24 h of H 2 O 2 treatment, the cellular proteins in the control cells were severely oxidized, whereas proteins from the NaCl-pretreated cells showed noticeably reduced oxidative damage (Fig. 1F) . In conclusion, H 2 O 2 caused severe oxidative stress in Anabaena, but Anabaena cells that were pretreated with NaCl were remarkably protected from these deleterious effects.
RESULTS

Salt-Pretreated
Anabaena Pretreated with NaCl Shows High Catalase (KatB) Activity, and Anabaena Overproducing KatB Is Protected from Oxidative Stress Caused by H 2 O 2
As the salt-pretreated Anabaena PCC 7120 was protected from oxidative stress mediated by H 2 O 2 , catalase activity of these cultures was monitored (Fig. 2) . Zymographic analysis of the salt-stressed Anabaena showed profuse catalase activity (indicated by a zone of clearance), whereas the control cells showed none ( Fig. 2A) . Western-blotting analysis of native gels showed the zone of clearance matched the signal obtained from the KatB, but not the KatA, antiserum ( Fig. 2A) . The KatB protein was clearly detected in the soluble fraction (and not in the membrane preparation) of Anabaena PCC 7120 whole-cell extracts, indicating that the protein was cytosolic in nature (Fig. 2B ). KatB could barely be detected in the abovementioned control Anabaena cells treated with H 2 O 2 , whereas in the NaCl-treated cells, KatB production was elevated and remained virtually unaltered in the presence of H 2 O 2 (Fig. 2C) . Expression of another antioxidant enzyme, 2-Cys-Prx (which is induced by H 2 O 2 ), was monitored in the salt-pretreated Anabaena PCC 7120 subjected to H 2 O 2 stress. Although a distinct induction of 2-Cys-Prx was observed on treatment of control Anabaena cells with 1 mM H 2 O 2 , no such increase was observed in the salt-pretreated cells (Fig. 2C) .
Further, to validate the contribution of KatB in overcoming oxidative stress mediated by H 2 O 2 , KatB was overexpressed in Anabaena PCC 7120 employing an Anabaena-Escherichia coli shuttle vector, pAMKatB. In AnKatB + (Anabaena PCC 7120 strain transformed with pAMKatB) both katB and gfp are cotranscribed but independently translated, resulting in coexpression of both proteins. The AnKatB + cells that appeared on the selection medium were verified by monitoring expression of GFP (Fig. 2D ). When probed with the KatB antiserum (at 1:15,000 dilution), the recombinant AnKatB + showed considerable production of the KatB protein (Fig. 2E) . Treatment with H 2 O 2 resulted in marked bleaching of the wild-type Anabaena PCC 7120, but the AnKatB + cells were protected from this damage (Fig. 2F ).
KatB Is Induced in Response to Osmotic Up-Shock and Desiccation
Expression of the katB gene was monitored at the level of RNA and protein under various stresses (Fig. 3) . The wild-type Anabaena PCC 7120 cells were exposed to NaCl, Suc, or direct oxidative stress-causing agents like H 2 O 2 or methyl viologen (MV) as indicated in Figure  3A . Compared with the control cells, a many-fold Figure 1 . H 2 O 2 stress tolerance of the salt-pretreated Anabaena PCC 7120. A, Three-day-old Anabaena culture was reinoculated in fresh growth medium and divided into two parts. One part was treated with 100 mM NaCl (+NaCl) for 20 h, whereas the other served as the control (-NaCl). Subsequently, these cultures were stressed with different concentrations of H 2 O 2 as indicated in the figure and photographed after 2 d. B, The above-mentioned Anabaena cultures after 2 d of treatment with H 2 O 2 were spotted (20 mL each) on BG11 agar plate, incubated under continuous illumination, and photographed after 14 d of incubation. C, ROS production in response to H 2 O 2 . The control (-NaCl) or NaCl-treated (+NaCl) Anabaena cells were exposed to H 2 O 2 for 16 h. Subsequently, cells were incubated with DCHFDA (10 mM final concentration) for 20 min, and fluorescence emission (l ex = 490 nm, l em = 520 nm) from cells was measured immediately on a spectrofluorimeter. The relative fluorescence in arbitrary units (AUs) of both types of cultures is shown in the figure. Error bars show SE (n = 5). ** indicates significant differences at P , 0.01 compared with the corresponding control (-NaCl) cells (Student's t test). D, Production of total peroxides in cells pretreated with NaCl (+NaCl) or control (-NaCl) cells on exposure to 1 mM H 2 O 2 . Error bars represent SE (n = 3). Asterisks indicate significant differences (*P , 0.05 and **P , 0.01) compared with the corresponding control (-NaCl) cells. E, TBARS assay to determine lipid peroxidation. The MDA produced in the control or the NaCl-pretreated cells (on exposure to H 2 O 2 ) was measured at the time point indicated. Error bars represent SE (n = 3). ** indicates significant differences at P , 0.01 compared with the corresponding control (-NaCl) cells (Student's t test). F, Detection of oxidized proteins. At the time points indicated, protein extracts were prepared from the control or +NaCl Anabaena cultures, and derivatized with dinitrophenol (DNP). Subsequently, these proteins were resolved on SDS-PAGE, transferred to nitrocellulose membrane, and probed with the monoclonal DNP antiserum. Chemiluminescent detection was performed as described in "Materials and Methods." A Ponceau S-stained part of the blot is shown as loading control below the western blot. The experiment was repeated thrice and consistent results were obtained.
induction of the katB transcript (approximately 1.5 knt) was observed in response to salt and Suc stresses. In contrast, no induction of katB was observed with H 2 O 2 and MV (Fig. 3A) . In agreement with the transcriptional analysis, the 26-kD KatB protein was found to be synthesized in cells stressed with salt or Suc but not in the H 2 O 2 /MV-treated cells (Fig. 3B) .
With increasing concentrations of NaCl, a concomitant rise in synthesis of the KatB protein as well as the catalase activity was observed on western blots and zymograms, respectively (Fig. 3C ). Anabaena cells were exposed to NaCl for 16 h, thoroughly washed, reinoculated in a medium lacking NaCl, and the content of the KatB protein was monitored. Once synthesized in vivo, the KatB protein was relatively stable, and even 4 d after the withdrawal of NaCl, KatB could be distinctly visualized (Fig. 3D ). It should be noted that KatB expression was also observed in the wild-type control Anabaena PCC 7120 when a lower dilution of antiserum (1:5,000) was used for western blots (Fig. 2C ). However, this basal level of expression in the untreated cells (i.e. control) was inadequate to form a zone of clearance on zymograms ( Fig. 3C ; Banerjee et al., 2012b) . In their natural habitat, cyanobacteria are periodically exposed to desiccation. Hence, induction of KatB in response to desiccation stress was monitored. No KatB could be detected in the control cells, whereas after day 1 of desiccation and beyond, expression of KatB was clearly observed (Fig. 3E ).
Identification of Transcriptional Start Site by Rapid Amplification of cDNA Ends
As distinct induction of katB was observed in response to various abiotic stresses, it was desired to identify its promoter (Fig. 4) . Rapid amplification of cDNA ends (RACE) with the total RNA isolated from the wild-type Anabaena PCC 7120 control or the NaCl-treated cells showed an approximately 450-bp cDNA product (Fig.  4A ). Sequence analysis of the product (in both the cases) identified the start of the transcript to be 410 nt upstream of the translational start of the katB ORF (Fig. 4B ). The -10 and -35-like promoter sequences identified upstream of the transcriptional start site are indicated in Figure 4B .
Nitrogen Status Influences Production of the KatB Protein and the katB Promoter Is Not Active in Heterocysts
The wild-type Anabaena PCC 7120 cells grown under nitrogen-fixing conditions (BG11N -) or in the presence of combined nitrogen (BG11N + ) were treated with NaCl and monitored for production of the katB transcript or the KatB protein. Without NaCl, no katB transcript or KatB protein was observed in cells cultured in BG11N -medium, while minor synthesis of the same was observed in cells from BG11N + medium (Fig. 4 , C and D). On treatment with NaCl, the katB transcript as well as the KatB protein was detected in Anabaena cells grown Figure 2 . Expression of KatB in Anabaena PCC 7120. A, The cell free extracts of control (-NaCl) and NaCl-treated (+NaCl) Anabaena PCC 7120 were assayed for in gel catalase activity (zymogram, top) or probed with the KatB antiserum at 1:10,000 dilution on a western blot (bottom). The experiment was repeated thrice with similar results and a representative image is shown. B, Localization of KatB. The salt-stressed Anabaena cells were lysed with glass beads, and the membrane proteins in the lysate were separated from the cytosolic proteins. Cytosolic and membrane proteins were resolved on SDS-PAGE, transferred onto a nitrocellulose membrane, and probed with the KatB antiserum. The Ponceau S-stained part of the nitrocellulose membrane is shown as a loading control at the bottom. C, The cell-free extracts of control (-NaCl) or NaCl-pretreated (+NaCl) Anabaena exposed to H 2 O 2 were resolved on SDS-PAGE and electroblotted on to nitrocellulose membrane. These were probed with the KatB antiserum (top, KatB) or the Alr4641 (2-Cys-Prx) antiserum (bottom, Prx). The Ponceau S-stained part of the nitrocellulose membrane is shown as a loading control at the bottom. D, Bright field and fluorescence micrograph of KatB overexpressing Anabaena strain (AnKatB in BG11N -medium, but their level was several-fold lower than that observed in the corresponding cells grown in BG11N + medium (Fig. 4 , C and D). To monitor its promoter activity, the katB promoter (identified by RACE analysis) and its adjacent DNA were cloned upstream of the gfp (GFP) reporter gene in the reporter vector, pAM1956 (pAM3090prom), and transferred into Anabaena PCC 7120 (strain named An3090prom). For in vivo validation, An3090prom was treated with NaCl and subjected to microscopic analysis. In the absence of NaCl, relatively weak fluorescence was observed when filaments were grown in BG11N - (Fig. 4E, left) , whereas bright green fluorescence was observed in filaments treated with NaCl (Fig. 4E, right) , indicating that the cloned katB promoter was indeed functional. Interestingly, microscopic analysis showed strong GFP fluorescence in the vegetative cells, whereas hardly any fluorescence was observed in heterocysts, demonstrating that the katB promoter was active in vegetative cells but not in heterocysts (Fig. 4E) .
GFP fluorescence was monitored and quantified under control conditions or in response to salt stress. In the absence of NaCl (i.e. control conditions), an approximately 6-fold lower florescence was observed in cells grown in BG11N
-than those cultured in BG11N + . Although a 6-to 7-fold increase in GFP fluorescence was observed on treatment with NaCl, florescence of cells grown in BG11N -was still 3-to 4-fold lower than the corresponding BG11N + -grown cells exposed to NaCl (Supplemental Fig. S1 ).
Inactivation of the katB Gene Results in Enhanced Sensitivity to Salt Stress
To evaluate the in vivo contribution of katB, insertional inactivation of the katB gene in Anabaena PCC 7120 was performed (Fig. 5 ) employing a strategy described by Neunuebel and Golden (2008) . On zymographic/ western-blotting analysis, KatB activity/protein could be observed only in the wild-type Anabaena PCC 7120 cells but not in the mutant (AnKatB -; Fig. 5A ). Both the wild type and the katB mutant showed similar sensitivity to exogenously added H 2 O 2 (data not shown).
The overall cellular oxidative stress in response to NaCl was monitored with DCHFDA. After as early as 3 h, a distinct increase in the ROS levels could be observed in the katB mutant (Fig. 5B) . Although increased ROS levels were observed in the wild-type cells by 48 h, these levels were several-fold lower than that observed in the katB mutant. Treatment with NaCl led to increased accumulation of peroxides in the mutant compared with the wild type (Fig. 5C ). In addition, the mutant showed a higher level of lipid peroxidation (Fig. 5D ) and protein oxidation (Fig. 5E) than the wild type. The maximum photochemical efficiency of PSII (F v /F m ), was monitored in the two above-mentioned cell types. A severe reduction was observed in F v /F m of the KatB mutant with time, whereas, on the contrary, only a minor reduction of the same was detected in the wild-type cells (Fig. 5F ). In the presence of NaCl, the wild-type Anabaena PCC 7120 showed reduction in growth compared with the control cells, but interestingly, no growth was observed in AnKatB -cells (Supplemental Fig. S2A ). On longer exposure to NaCl, AnKatB -(but not the wild-type Anabaena PCC 7120) appeared to be severely bleached (Supplemental Fig. S2B ). These results demonstrate that KatB is essential to reduce the The approximately 450-bp DNA fragment is shown by an arrow. Then 20 mL and 5 mL of the PCR reaction was loaded in the C and Na + lane, respectively. M, 100-bp DNA marker. B, Sequence analysis of the RACE product. The transcriptional start site (G, in red color) is indicated by an arrow. The nucleotide sequence corresponding to the 210 and 235 region of the katB promoter, the ribosome binding site (SD), and the translational start codon (ATG) are denoted. C, The wild-type Anabaena PCC 7120 cells grown in BG11 medium with (BG11N+) or without combined nitrogen (BG11N-) were treated with 150 mM NaCl (Na + ). The untreated cells (C) served as control in both types of media. RNA was isolated from both control (C) and treated (Na + ) cells and resolved on formaldehydeagarose gel, transferred onto anylon membrane, and probed with the DIG-labeled katB DNA. D, Protein extracts (60 mg/lane) from the control (C) and treated (Na + ) Anabaena PCC 7120 cells grown in BG11N+ or BG11N-were resolved by SDS-PAGE (14% gel) and probed with the KatB antiserum on western blots. The 26-kD KatB protein is depicted by an arrow. E, Fluorescence micrographs (15003). An3090prom cells were grown in medium without combined nitrogen (BG11N-) and treated with NaCl. Anabaena filaments were visualized under a fluorescence microscope using Hg-Arc lamp; chlorophyll a fluorescence (excitation BP, 546-612 nm and emission LP, 515 nm), and GFP fluorescence (excitation BP, 450-490 nm and emission LP, 515 nm). Heterocysts are depicted by arrows.
oxidative stress burden brought about by salt stress in Anabaena PCC 7120.
The Salt-Pretreated katB Mutant Is Extremely Sensitive to H 2 O 2
To conclusively prove the involvement of KatB in protection of the NaCl-treated Anabaena PCC 7120 from externally added H 2 O 2 , the katB mutant was subjected to the regimen of salt stress followed by exposure to H 2 O 2 (Fig. 6) . Compared with the salt-treated wild-type Anabaena cells, a more than 8-fold excess of ROS and total peroxides was detected in the NaCl-treated katB mutant on the addition of H 2 O 2 (Fig. 6, A and B) . Similarly, higher levels of lipid peroxides were observed in the katB mutant (Fig. 6C) . In the absence of sufficient catalase activity, H 2 O 2 is known to degrade cellular RNA in Anabaena (Banerjee et al., 2012b) . The salttreated KatB mutant showed complete degradation of RNA after 24 h of H 2 O 2 treatment. Meanwhile, RNA from the wild-type Anabaena PCC 7120 was remarkably protected from this damage, and the rRNA bands could be clearly observed (Fig. 6D) . Exposure to H 2 O 2 not only led to a drastic reduction in F v /F m but also caused severe bleaching of the NaCl-treated katB mutant (Fig. 6 , E and F). All these results confirm the crucial role played by KatB in overcoming the deleterious effects of H 2 O 2 in Anabaena pretreated with salt.
KatB Is a Robust Catalase
Bioinformatic analysis showed katB (alr3090) from Anabaena PCC 7120 to encode a protein (230 amino acids) that contained a domain specific for Mn-catalase. , cells treated with NaCl. B, ROS production in response to NaCl. The wild type (WT) or the katB mutant (katB -) was treated with 100 mM NaCl, and the total ROS were measured with the fluorescent probe DCHFDA. The relative fluorescence in arbitrary units (AUs) of both types of cultures without NaCl (control, C) or in the presence of NaCl (Na + ) is depicted. Error bars represent SE (n = 4). C, Production of total peroxides in cells on treatment with 100 mM NaCl. Error bars represent SE (n = 3). Asterisks indicate significant differences (*P , 0.05 and **P , 0.01) compared with the corresponding wild-type cells. D, Lipid peroxidation. The MDA produced in the wild type (WT) or the katB mutant (katB -) in response to 100 mM NaCl. Error bars show SE (n = 3). Asterisks indicate significant differences (*P , 0.05 and **P , 0.01) compared with the corresponding wild-type cells. E, Detection of oxidized proteins. Protein extracts were prepared from the two different cell types at the indicated time points and derivatized with DNP. Subsequently, these proteins were resolved on SDS-PAGE, transferred to nitrocellulose membrane, and probed with the monoclonal DNP antiserum. Chemiluminescent detection was performed as described in "Materials and Methods." F, Changes in the F v /F m of the wild type or the katB mutant (katB -) in response to NaCl (100 mM). Error bars represent SE (n = 4).
For biochemical characterization, the alr3090 ORF (with 6 additional in-frame His codons) was overexpressed in E. coli and purified (Bihani et al., 2013) . The biochemical/biophysical characteristics of the purified KatB protein are shown in Figure 7 . When resolved on native polyacrylamide gel, the purified KatB protein appeared as a single band (Fig. 7A) . Gel filtration analysis of KatB revealed the presence of a single peak (approximately 109 kD), indicating the presence of single oligomeric species (Fig. 7B) . Dynamic light scattering also showed the KatB protein solution to be monodispersive (Supplemental Fig. S3A ). On zymographic analysis, the purified KatB protein showed a distinct zone of clearance in native gels, indicating that it was indeed active (Fig. 7C ). These observations were corroborated by spectroscopic analysis (Fig. 7D ). KatB could tolerate high NaCl concentration and even in the presence of 2.5 M NaCl, 77% activity (compared with the untreated enzyme) was retained (Fig. 7E) . CD spectropolarimetric analysis showed KatB to be a largely alpha helical protein (Supplemental Fig. S3B ). Interestingly, the KatB protein displayed a T m of 83°C, indicating that the protein was fairly thermostable (Supplemental Fig. S3C ). To verify its ability to withstand high temperatures, KatB was exposed to elevated temperatures for 10 min and assayed at room temperature. No loss in activity was observed even when KatB was exposed to temperature as high as 80°C. Subsequently, on increasing the temperature further, a rapid decline was observed, and only 10% of the original activity remained when the protein was exposed to 90°C (Fig. 7F ).
DISCUSSION
Catalases, being highly active enzymes, play an important role in detoxifying H 2 O 2 in all three phylogenetic domains, i.e. Eukaryota, Bacteria, and Archaea. Mn-catalases form a minor gene family in cyanobacteria, but remarkably, all nitrogen-fixing cyanobacteria Figure 6 . Exposure of the NaCl-treated katB -Anabaena to H 2 O 2 . The wild type (WT) or the KatB mutant (katB -) was pretreated with 100 mM NaCl for 16 h and subsequently exposed to 1 mM H 2 O 2 . A, Total ROS production at the end of 6 h was measured with DCHFDA. Error bars show SE (n = 3). ** indicates significant differences at P , 0.01 compared with the corresponding wild type. B, Production of total peroxides after 16 h of treatment with H 2 O 2 . Error bars represent SE (n = 3). Asterisks indicate significant differences (*P , 0.05 and **P , 0.01) compared with the corresponding wild type. C, Lipid peroxidation. The MDA produced in the wild type (WT) or the katB mutant (katB -) is shown. Error bars show SE (n = 3). ** indicates significant differences at P , 0.01 compared with the corresponding wild type. D, Total RNA was isolated from the NaCl-treated cells that were exposed to H 2 O 2 for 6 or 14 h. The total RNA (5 mg) was resolved on formaldehyde-agarose gels and photographed. The experiment was repeated at least thrice and the representative image is shown. E, F v /F m of the NaCl-treated wild type or the katB mutant (katB -) in response to 16 h of exposure to H 2 O 2 (1 mM). Error bars show SE (n = 5). ** indicates significant differences at P , 0.01 compared with the corresponding wild type. F, The NaCl-treated katB -was exposed to 1 mM H 2 O 2 and photographed after 2 d.
have at least one ORF that encodes a Mn-catalase (Banerjee et al., 2013) . In this study, a comprehensive physiological characterization of a Mn-catalase (KatB) from the nitrogen-fixing cyanobacterium Anabaena PCC 7120 was performed. Large-scale genome sequencing analysis has shown the presence of Mn-catalase-like genes in several prokaryotes. However, assignment of some of these as Mncatalase appears to be ambiguous. The Mn-catalase (Z1921P) from E. coli 0157:H7 could be purified as a soluble hexameric protein, but surprisingly, it did not show any catalase activity (Whittaker, 2012) . The catalase activity of the KatB protein was detected in the extracts of the salt-stressed Anabaena PCC 7120 and the purified KatB too showed H 2 O 2 -detoxification ability, indicating that, unlike Z1921P, KatB was indeed a functional catalase. In contrast to other Mn-catalases that are mostly hexameric (Antonyuk et al., 2000; Barynin et al., 2001) , gel filtration analysis indicated the purified KatB to be tetrameric (Fig. 7B) . However, x-ray crystallography-based structural analysis has shown KatB to exist as a very compact hexamer (S.C. Bihani, D. Chakravarty, and A. Ballal, unpublished observations), which in all likelihood is the reason for the increased mobility observed during gel filtration. Earlier, KatA from Anabaena was shown to be a cytosolic, thermostable enzyme, whereas KatG from Synechococcus PCC 7942 was found to be inactivated at temperatures above 50°C (Banerjee et al., 2012b) . In this study, the KatB protein was observed to be cytosolic in Anabaena PCC 7120 (Fig. 2B) , and the purified KatB protein showed intact secondary structure along with unaltered catalase activity even on exposure to 80°C (Supplemental Fig. S3B; Fig. 7F ), indicating that KatB, like KatA, is also a thermostable protein.
Although Anabaena PCC 7120 shows the presence of two genes encoding Mn-catalases, the intrinsic catalase activity in the unstressed Anabaena (i.e. under control conditions) is very low. In comparison, unstressed Synechocystis PCC 6803 (Banerjee et al., 2012b) and Synechococcus PCC 7942 (Gupta and Ballal, 2015) both show inherently higher levels of catalase, which can be easily detected on zymograms. This correlates well with the fact that both Synechocystis PCC 6803 and Synechococcus PCC 7942 tolerate more H 2 O 2 than Anabaena PCC 7120 (Pascual et al., 2010; Gupta and Ballal, 2015) . Deletion of katG in Synechococcus and Figure 7 . Alr3090 (KatB) is a robust Mn-catalase. A, Purified KatB protein was resolved on 10% nondenaturing native PAGE and visualized by staining with Coomassie Brilliant Blue. Similar gel profiles were obtained in four different experiments and a representative image is shown. B, Size exclusion chromatography profile of the purified KatB protein using Superdex 200 10/300 GL column pre-equilibrated with buffer (20 mM Tris, 50 mM NaCl, pH 7.5). C, The recombinant KatB protein was assayed for catalase activity on zymogram. The amount of the KatB protein is indicated. D, The catalase activity of KatB protein was measured (at room temperature) by monitoring the decrease in A 240 (OD 240 ). E, Catalase activity of the purified KatB protein was monitored at different concentrations of NaCl as indicated. The rate of KatB activity in the absence of NaCl was considered as 100%, and other rates were calculated accordingly. Error bars represent SE (n = 5). F, The purified KatB protein (2 mg) was incubated in the presence of different temperatures for 10 min. Subsequently, employing H 2 O 2 as substrate, the catalase activity was measured (at room temperature) by monitoring the decrease in A 240 . The activity of KatB incubated at room temperature was considered to be 100%, and the other rates were calculated accordingly. Error bars represent SE (n = 4). katB in Anabaena PCC 7120 (Fig. 3A) . Induction of katB by salinity or desiccation but not by its actual substrate (i.e. H 2 O 2 ) is perplexing. Results described in this study (Fig.  3) clearly show that expression of katB is carefully regulated, and transcriptional activation occurs only under certain stimuli (e.g. desiccation or salinity). Although regulators that govern katB expression are unknown as yet, it may be argued that these regulators perceive stresses such as salinity or desiccation (but not H 2 O 2 itself) and enhance KatB synthesis for eliminating H 2 O 2 that would eventually be produced during these stresses. Identification of regulators that control katB expression will help us answer some of these questions.
CONCLUSION
The Mn-catalase, KatB, is substantially induced in response to salt stress in Anabaena. The KatB protein efficiently detoxifies H 2 O 2 ; therefore, addition of NaCl protects Anabaena from ROS-mediated damage caused by H 2 O 2 . In contrast, the NaCl-treated katB mutant is very sensitive to the deleterious effects of H 2 O 2 . Analysis with the katB mutant shows that NaCl by itself can impose oxidative stress in Anabaena, but production of KatB mitigates these harmful effects to a large extent in the wild type. These results not only underscore the vital role played by KatB in overcoming different stresses in Anabaena but also demonstrate the ability of a simple compound (NaCl) to modulate the overall oxidative stress resistance of an organism by orchestrating induction of a ROS scavenging enzyme.
MATERIALS AND METHODS
Organism and Growth Conditions
Anabaena PCC 7120 cultures were grown in BG11 liquid medium, pH 7.0 with combined nitrogen (17 mM NaNO 3 , BG11N+) or diazotropically (BG11N-) under continuous illumination (30 mE m 22 s 21 ), with shaking (100 rpm) or without shaking (as still culture) at 27°C 6 2°C. Assessment of growth was done by measuring the chlorophyll a content from 1 mL of the culture suspension (Mackinney, 1941) . Escherichia coli cells were grown in Luria-Bertani medium at 37°C with shaking at 150 rpm in the presence of appropriate antibiotics. The antibiotics used were neomycin (12.5 mg mL , Cb 100 ) for E. coli. The E. coli and Anabaena strains and plasmids used in the study are indicated in Supplemental Table S1 .
Cloning of alr3090 (katB) into pET16b, Overproduction, and Purification of the Recombinant KatB Protein
Cloning of the katB ORF into pET16b expression vector, overproduction of the His-tagged KatB protein in E. coli BL21pLysS, and its subsequent purification by affinity chromatography were described earlier (Bihani et al., 2013) . The purified KatB protein was used to immunize rabbits for generating specific antiserum. The primary and booster immunizations and subsequent collection of the antiserum were performed at a commercial facility (Merck, India).
Size Exclusion Chromatography
Size exclusion chromatography (AKTApurifier, GE Healthcare) was performed using GE Superdex 200 10/300 GL column equilibrated with buffer A (20 mM Tris, 50 mM NaCl, pH 7.2) at 25°C.
Protein Electrophoresis, Western Blotting, and Immunodetection
Purified KatB protein was electrophoretically resolved on SDS-PAGE (14% acrylamide) or on native PAGE (10% acrylamide) and stained with Coomassie Brilliant Blue G-50. Total cellular proteins from Anabaena cultures were extracted with Laemmli's buffer (Laemmli, 1970) , electrophoretically separated on polyacrylamide gels, electroblotted on to nitrocellulose membrane (Sigma), and probed with the KatB antiserum. Western blots were repeated at least thrice with consistent results.
Catalase Activity Assay
H 2 O 2 decomposition activity of the purified KatB protein was monitored spectrophotometrically as described earlier (Beers and Sizer, 1952) . In short, various concentrations of H 2 O 2 were incubated with the purified KatB protein in 1 mL of buffer B (20 mM Tris, pH 8.5), and decomposition of H 2 O 2 was monitored by following the decrease in A 240 in a spectrophotometer (Chemito, SPETRASCAN UV2600).
Northern Blotting-Hybridization and Dot-Blot Analysis
Isolation of total RNA from Anabaena PCC 7120 cultures and subsequent northern blotting hybridization analysis with the digoxigenin (DIG)-labeled katB DNA probe was performed as described earlier (Ballal and Apte, 2005) .
RACE
The total RNA, isolated from the control wild-type Anabaena PCC 7120 cells or cells stressed with NaCl for 16 h, was treated with DNase-I and repurified using spin columns (Nucleospin RNA clean-up XS, Macherey Nagel). The reverse primer KatB_RACE_Ext (Supplemental Table S2 ) was employed for cDNA synthesis. After tailing of cDNA (with dATP and terminal transferase), PCR was performed with the oligodT-anchor primer and an internal genespecific primer (KatB_RACE_Int) exactly as described (59/39 RACE kit, 2 nd Generation, Roche).
Construction of katB Promoter-gfp Fusion
A 300-bp DNA fragment (upstream of the katB ORF) that contained the katB promoter was amplified with suitable primers (KatB_prom_Fwd and KatB_prom_Rev) and cloned just upstream of gfp (reporter gene) in pAM1956 employing the restriction enzymes KpnI and SacI (construct named as pAM3090prom). This construct was conjugally transferred into Anabaena PCC 7120; exconjugants (An3090prom) were selected on BG11N + plates containing Neo 25 and subjected to microscopic analysis.
Construction of pAMkatB and Overexpression of KatB Protein in Anabaena PCC 7120
The katB DNA fragment (693 bp) was PCR amplified from Anabaena PCC 7120 genomic DNA and cloned, downstream of strong light-inducible PpsbA1 promoter, in pFPN (Chaurasia et al., 2008) using NdeI and BamHI restriction endonucleases (plasmid called pFPNkatB). Subsequently, the katB gene along with the PpsbA1 promoter was excised out as a SalI-XmaI fragment from pFPNkatB and cloned into E. coli/Anabaena shuttle vector pAM1956 (Yoon and Golden, 1998) to generate pAMkatB plasmid. Using a conjugal E. coli donor [HB101 (pRL623 + pRL443)] (Elhai and Wolk, 1988; Elhai et al., 1997) , pAMkatB was conjugally transferred into Anabaena PCC 7120 as described earlier (Elhai et al., 1997 
In-Gel Catalase Activity (Zymogram)
Cyanobacterial cells were resuspended in a buffer (20 mM Tris-HCl, pH 8.0), subjected to repeated cycles of freeze-thaw and vortexing (in the presence of glass beads, 600 mm diameter), and centrifuged at 14,000 g for 8 min to obtain cell-free extracts. Proteins were electrophoretically separated on native 10% polyacrylamide gels and analyzed for in-gel catalase activity. After electrophoresis, the gel was treated with 0.003% H 2 O 2 for10 min, washed with distilled water, and stained with 1% ferric chloride and 1% potassium ferricyanide. The catalase activity was observed as a zone of clearance on a greenish-yellow background of the gel (Weydert and Cullen, 2010) .
Construction of the katB Mutant (AnKatB -)
To inactivate katB gene, a suicide plasmid-based single recombination strategy was employed (Neunuebel and Golden, 2008) . A 300-bp DNA fragment from katB ORF was PCR amplified from genomic DNA using 3090_SacI_Fwd (containing SacI site) and Kan_3090_Olap_Rev primers. Kanamycin expression cassette was PCR amplified from pAM1956 vector by primers 3090_Kan _Olap_Fwd and pAM1956Kan_Rev (containing XhoI site). These two fragments were combined by overlap extension PCR using 3090_SacI_Fwd and pAM1956Kan_Rev primers. The resultant DNA (300-bp katB fragment + Kanamycin expression cassette) was cloned into suicide vector pRL271 by employing XhoI and SacI restriction endonucleases (construct named as pRLkatBkan). pRLkatBkan construct was conjugally transferred to Anabaena PCC 7120, and the mutants (AnKatB -) that came up were selected by repeated subculturing on BG11 plates containing neomycin.
Assays to Determine the Content of ROS
The ROS content in Anabaena strains treated with H 2 O 2 and/or NaCl was measured with DCHFDA (He and Häder, 2002) . Briefly, DCHFDA (10 mM final concentration) was added to cells suspended in BG11 medium (3 mg chlorophyll mL
21
). Cells were incubated for 20 min in dark at 25°C. Fluorescence emission (lex = 490 nm, lem = 520 nm) of the control or treated cells was measured immediately afterward. Experiments were repeated thrice and the average values are reported. For MDA estimation, 300 mL cellular extract (500 mg total protein) in 10 mM potassium phosphate buffer (pH 7.4) was reacted with 900 mL of TBA reagent (0.375% 2-thiobarbituric acid, 0.25 M HCl, 15% trichloroacetic acid, and 6 mM Na 2 EDTA). The reaction mixture was incubated at 95°C for 20 min, cooled to ambient temperature, and centrifuged at 10,000 rpm for 5 min at 25°C. MDA equivalents in the supernatant were estimated by measuring fluorescence (lex = 530 nm; lem = 590 nm). The lipid peroxidation values are expressed as nmoles of MDA equivalents per mg protein using 1, 1, 3, 3-tetra methoxy propane as standard. Protein oxidation (using 40 mg protein) was performed as described in the OxyBlot protein oxidation detection kit (Millipore, S7150), while the total peroxides were estimated by the Peroxoquant kit (Thermo Scientific, 23280). Known concentrations of H 2 O 2 were employed to plot a standard curve, which was used for calculating the content of peroxides in Anabaena.
Determination of Oxidative Stress Tolerance of Anabaena Strains
Three-day-old cultures of the wild-type Anabaena PCC 7120 or AnKatB + or AnKatB -(in triplicates) were inoculated in fresh growth medium at a chlorophyll a density of 3 mg mL 21 and treated with H 2 O 2 (1 mM) or NaCl (100 mM) in tubes (without shaking) under illumination for 2 d. Growth was monitored in liquid cultures by determining the content of chlorophyll a (Mackinney, 1941) .
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